Abstract-This paper presents Monte-Carlo simulations based on the Fluka code aiming to calculate the contribution of the neutron albedo at a given date and altitude above the Earth chosen by the user. Results consist of a two-parameter distribution, the neutron energy and the angle to the tangent plane of the sphere containing the orbit of interest, and are provided by geographical position above the Earth at the chosen altitude. In this paper, a major improvement was introduced with respect to the previous model concerning the filtering of incoming cosmic rays hitting the upper atmosphere. This more accurate estimation of neutron albedo is of prime importance for the radiation belts modelers because it constitutes the main source of protons >40 MeV of the inner radiation belt.
Improvements of FLUKA Calculation of the Neutron Albedo
I. INTRODUCTION
T HE performance level of imaging detectors operating at Low Earth Orbit (LEO) is degraded due to the neutron albedo produced in the Earth atmosphere hit by incoming galactic cosmic rays (GCR). Generally, the background levels of space experiments strongly increase due to high particle flux encountered in the South Atlantic Anomaly (SAA) or near the polar regions during solar events, these particles being able to leave a trace on the detectors or activate their surrounding materials. However, the background level is so high during solar events or even when crossing the SAA, that imaging experiments are often switched off. Therefore, it is not uncommon that the albedo neutrons are the most important contribution to the background noise during normal operations outside the SAA. Most common background removal technics consist of estimating it by adjusting its level thanks to a function with two parameters, the geomagnetic latitude or the rigidity cutoff, plus a constant representing the internal background. The purpose of our model is to calculate the albedo neutron flux all around the Earth in order to disentangle better the two noise components (neutron albedo and internal background). The neutron production in the atmosphere depends on various factors such as the flux of incoming galactic cosmic rays (GCR) reaching the Earth's neighborhood (anti-correlated with the solar cycle) and the Earth's magnetic field (acting as an attenuating filter). In our model, the solar influence is taken into account by considering only the modulation of the GCR over the solar cycle, but not the protons emitted directly by the Sun and also reaching the Earth atmosphere. Most of the time, the latter contribution is negligible with respect to the first one, except during intense solar events. Once created in the atmosphere (mainly at 20 km altitude), part of these neutrons goes into space (the so-called albedo neutrons) where they undergo a beta decay (n → p + + e − + ν e ) due to their natural instability outside a nucleus. This process, called cosmic ray albedo neutron decay (CRAND), contributes to populate the inner Van Allen belt, which raises here another interest for calculating the albedo neutron flux all around the Earth. The purpose of this paper is to present major improvements with respect to our former model [1] . The first improvement is relative to the geomagnetic filtering of incoming GCR, leading to a predicted flux of neutron albedo probably more representative of what is actually encountered at LEO altitude. The second improvement is relative to the spatial resolution of the predicted flux all around the Earth, which is more realistic in order to predict the encountered flux for a given orbit. The improvements of our model with respect to the previous one, in particular the geomagnetic filtering of incoming GCR, are described in Section II. The main characteristics of the obtained neutron flux are presented in Section III, and compared with previous results of the former model. Finally, results are discussed in Section IV and applications are presented in Section V.
II. MODEL
In this section, we remind readers of the main characteristics of the model already described in [1] . In particular, we detail in Section II.B the changes concerning the filtering of incoming particles and their transport with respect to the previous model.
A. Input Particles
Incoming particles at the origin of the Earth's albedo are the galactic cosmic rays (GCR), which are modulated by the solar 0018-9499 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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activity and attenuated by geomagnetic effects. In this study, we use the GCR spectra derived by Badwhar and O'Neill (BO) model [2] , which considers all elemental groups from Z = 1 to Z = 28. The solar modulation of GCR is considered through the parameter φ, ranging typically from 465 (solar min condition) to 1440 (solar max conditions). Solar particles are not considered here (see [1] for an assessment of their contribution during an intense solar event).
B. Particle Transport
In the previous model, the particle transport was realized in two steps, one concerning the incoming GCR before their interaction with the atmosphere, and the other one concerning all GCR products after the collision with the atmosphere. The spectra of incoming GCR were used together with an analytical calculation of the rigidity cutoff, i.e. the Störmer formula [3] , according to the tilted eccentric dipole approximation of the Earth magnetic field that depends on the date chosen by the user. Doing that approximation instead of transporting all GCR in the actual geomagnetic field, such as IGRF (International Geomagnetic Reference Field), allowed significant saving in computing time without affecting drastically the accuracy of final results. The sampling of incoming particles was first set at an distance of 10,000 km from the center of the terrestrial spheroid (i.e. 3,600 km altitude above the Earth) according to a uniform and isotropic fluence. The Störmer formula was then used to determine if a given cosmic particle could reach that altitude according to its energy, direction and the local geomagnetic coordinates. If it was the case, then the primary cosmic ray and all new particles possibly induced by the collision with the atmosphere were handled by the Monte-Carlo code FLUKA [4] [5] . Below 3,600 km altitude, all particles were transported until the atmosphere and inside, either downward to the ground or upward to the space, but using this time the detailed geomagnetic field IGRF, not the tilted eccentric dipole approximation mentioned above for the incoming GCRs. Of course, the choice of a given magnetic field has no influence for neutral particles but is of importance for charged particles such as incoming GCRs and also secondary charged particles produced in the atmosphere. In our model, the IGRF is computed analytically for each position of all particles according to the description given in [6] , and implemented as described in [7] . Using the Störmer approximation was the main weakness of our model since it is well-known that it provides a limited approximation, and may differ from actual measurements depending of the altitude and the energy of the incoming particle. In order to improve the accuracy of the predicted albedo flux, our strategy consists in replacing the Störmer approximation by a more accurate geomagnetic filtering of incoming particles, the one provided by the MASHcode [8] developed at Onera. Since the geomagnetic filtering of incoming particles is pre-computed by this code down to 75 km altitude, this allows keeping reasonable computing times for determining the albedo neutrons, by starting the GCR sampling at 75 km altitude, rather than 3,600 km altitude. As a summary, the geomagnetic filtering of incoming particle in the vicinity of the Earth is Fig. 1 . Illustration (not to scale) of different particle transports of incoming particles (GCRs) used in the former model (upper part, red color) and in the current one (lower part, green color). For the former model, the Störmer approximation is used in the yellow-hashed zone down to 10,000 km for (incoming only) GCRs, whereas the IGRF is used for any particle in the yellow zone. For the new model, the MASHcode sampling was used in the blue-hashed zone down to 75 km altitude with the magnetic field components IGRF plus Olson-Pfitzer model. In both case, the albedo particles are scored at the altitude Z. illustrated in Fig. 1 , showing the different strategies used in the former and the current model.
MASHcode provides accurate cutoff energies at any point in space for all directions of arrival (see [8] for a detailed description). At the difference of the Störmer analytical formula which only relies on a tilted eccentric dipole, our estimations are based on a more realistic combination of numerical magnetic fields: IGRF for the internal contribution [6] and Olson-Pfitzer for the external one [9] . MASHcode outputs provide a more accurate cutoff determination than the Störmer formula at any altitudes as it has been highlighted for example in Fig. 4 of [8] . Two examples of outputs from MASHcode at 75 km of altitude used in FLUKA are presented in Fig. 2 . The upper panel shows the transmission of 10 GeV protons at this altitude. It corresponds, for a given latitude/longitude to the percentage of directions of arrival from which a 10 GeV proton has access. The access to the atmosphere is of course easier at the poles rather than near the equator where the field lines are more closed, thus providing a stronger shielding. The transmission never exceeds 60%, which is due to the Earth's shadow occupying approximately half of the field of view. The bottom panel shows a latitude/longitude cartography of the cutoff energies (in MeV) for 30% of transmission at the top of the atmosphere. The tilt and shift of the magnetic field is again clearly observable. In particular, one can note that above the South Atlantic Ocean, it is slightly easier to access rather than over the North Atlantic Ocean. MASHcode provided tables of cutoff energies at 75 km to FLUKA for protons only. Using a conversion to the magnetic rigidity quantity, it is possible to derive the cutoff energies for any elemental groups of the incoming GCR family (see [10] for more details on the definition of the magnetic rigidity).
C. Particle Interactions in the Earth's Atmosphere
Concerning other aspects of our computation, such as the modeling of the atmosphere, its density profile, and the simulation of physical processes occurring inside the atmosphere, no modification was introduced with respect to the previous model, and the reader is referred to [1] for any detail. In both models, the Earth's atmosphere is represented as a superposition of 100 spherical concentric layers following the density profile of the U.S. Standard dry atmosphere, with atmospheric depth of 0.092 g/cm 2 at the highest altitude (70 km) and 1033.4 g/cm 2 at ground level, and with a unique composition (volume fractions of 78% N 2 , 21% O 2 and 1% Ar). The surface of the Earth is considered as a 100% absorbing material, which means that the albedo from the ground itself is neglected.
Concerning physical interactions, we just recall here briefly the hadronic models used in FLUKA to describe nonelastic interactions. The "low-intermediate" one, called PreEquilibrium Approach to NUclear Thermalization (PEANUT), which covers the energy range from about 5 GeV down to reaction threshold (or 20 MeV for neutrons). The high energy one, called Dual Parton Model (DPM), which can be used up to several tens of TeV, based on the color string and quark confinement models. The version DPMJET-III [11] [12] was used in this paper.
D. Scoring and Performances
Our results are produced in the form of the distribution of albedo neutrons encountered on a sphere concentric to the Earth at a chosen altitude in space as a function of two parameters: the energy of the neutron, and the angle of its velocity vector with respect to the plane tangent to the sphere.
The angle is coded on 50 bins linearly spread up to 2π sr, whereas the energy is coded on 360 bins logarithmically spread over the range from 10 −5 eV to 1 TeV. The double distribution (spectral and angular) is computed for 20 slices of latitude equally spread from north pole to south pole, each of which being divided into 24 bins of longitude. The calculation mesh is thus more or less rectangular (9 • × 15 • ) near the equator, and more or less triangular near the poles. Note that the mesh is reduced by a factor 4 with respect to the previous model (18 • × 30 • , see [1] ).
Our calculations are performed at an altitude (LEO) and an epoch which can be chosen by the user. The epoch is that of the magnetic field, which means that simulations can be run at the latest release of IGRF. Strictly speaking, a new simulation should be done for any altitude of interest. But at first approximation, as neutrons propagate in a straight line, results at high altitude can be inferred from those at lower elevation.
In order to determine the statistical error, several runs (typically five) are performed for each simulation (at fixed altitude above the Earth, and for a given date with respect to geomagnetic field and solar cycle). For a complete set of results, including the set of simulations required for determining the statistical errors, approximately 40 CPU-core days are required.
III. RESULTS
The aim of this section is to illustrate some results of our improved model, the one using MASHcode for filtering the incoming cosmic-rays. Later, results are compared with those obtained with the former model, the one using the Störmer approximation. The main characteristics of the obtained neutron distributions are presented in the upper atmosphere at an altitude of 75 km, with the IGRF 2005 magnetic field and solar min conditions (φ = 465). Note that the chosen altitude and solar conditions both tend to maximize the albedo flux. Fig. 3 shows the map of upward albedo neutron flux at 75 km above each point of the Earth as computed using our new combination of models. We clearly see higher fluxes for regions around the poles and lower fluxes in the region with the highest rigidity. The general shape of the map is very similar to that of the vertical rigidity map, which is not surprising since it is related to the incident flux of GCR impacting the Earth atmosphere.
A. Results Obtained With MASHcode
The spectral distribution of albedo neutrons integrated over all direction of arrival is illustrated on Fig. 4 , where one can easily recognize from the right to the left of the upper panel, the (quasi elastic) collision peak, the evaporation peak and the relatively small contribution from the epithermal plateau. In this type of representation (E × Flux(E) also called lethargy spectrum), the epithermal plateau appears much weaker due to the ponderation by the energy of the particle. Concerning thermal neutrons, the distribution is near zero, partly due to the absence of moisture in our atmosphere. The value predicted by [13] for neutrons above 1 MeV has been reported on Fig. 5 for comparison purpose. The angular distribution of albedo neutrons is displayed on Fig. 6 for several energy ranges. The angle at which the distribution drops down to zero corresponds to the solid angle subtended by the atmosphere as seen at the altitude of the sphere. Our results are consistent with the fact that the most energetic neutrons are produced by cosmic particles impacting the Earth's atmosphere with a grazing incidence, as explained in [14] .
B. Comparison With Former Results Obtained Using the Störmer Approximation
The aim of this section is to compare the two filtering techniques for GCRs introduced in Section II.B., in terms of incident proton fluxes and albedo neutron fluxes when using the MASHcode (used in the present paper) instead of the Störmer approximation (used in the previous model [1] ). First of all, Table I summarizes fluxes obtained at 75 km altitude for both models, averaged all around the Earth and for different energy ranges. The first column (<1 TeV) corresponds to the flux obtained integrated in the full energy range covered by the models.
The two average spectra at medium latitude range are compared on Fig. 7 , showing a similar spectral distribution for the present and previous models except the flux level, which is higher for the new model. Another comparison is provided by Fig. 8, which illustrates the latitude profile of the incident flux at 75 km altitude for incoming protons, the main component of GCRs, just before they interact with the upper atmosphere, superimposed with the flux of albedo neutrons at the same altitude. This profile is compatible with expectations. In particular, we can note that differences only arise when considering protons. As neutrons' trajectories are not driven by the magnetic field, the results have to be (and thankfully are!) the same in both cases. Besides, Fig. 8 highlights the fact that in the Störmer computation, as a direct Monte-Carlo sampling is performed at 10,000 km, if the size of the sampling is insufficient, then the predicted flux distribution at 75 km altitude may be inaccurate in the protons case. Indeed, as charged particles' trajectories are driven by the magnetic field, direct Monte-Carlo may not reproduce accurately all the characteristics of the incoming distribution as some incoming directions may not have been scanned by a too small sampling. Fig. 9 is similar to the previous one but displays the ratio of fluxes obtained with the two models (MASHcode over Störmer) , showing that more neutrons are produced at medium latitudes (roughly +10%) for the new model. The differences can be attributed to the way the computations are performed in both models and especially how the Earth's shadow is considered. Indeed, in the MASHcode, incoming particles are back-traced. Due to their large gyro radius, they may cross the atmosphere or the Earth itself. As a consequence, such particles at these energies coming from the corresponding direction are filtered, thus raising the corresponding cutoff energy level. Conversely, the Störmer computation only considered a first order Earth's shadow (geometrical factor) which do not account of the so-called Earth's penumbra (see [10] for more details).
The angular distribution, illustrated in Fig. 6 for the MASHcode model, is very similar to that obtained the Störmer one. More interesting are the differences in terms of spatial distribution around the Earth. As already known from Fig. 9 , more protons hit the atmosphere at medium latitudes in the MASHcode model, leading to more albedo neutrons at the same latitudes. In terms of azimuthal variation, more information are provided by Fig. 10 , which displays the ratio of results obtained for both models at the same altitude. Note that these maps were computed with a mesh of 18 • × 30 • , and then interpolated to a resolution of 1 • in both directions for illustration purposes.
IV. DISCUSSION
In this section, our study is discussed in the context of a previous work, the QinetiQ atmospheric radiation model (QARM), a comprehensive model of the energetic radiation in the atmosphere [15] . QARM is based on a calculation in three steps: 1) a cosmic ray model for protons and alphas; 2) a rigidity cutoff code to convert the interplanetary proton and alpha spectra to local incident spectra at the top of the atmosphere; and 3) the convolution of the incident spectra with the response matrix of the atmosphere for secondary particle production and angular distributions. In spite of being dedicated to the computation of particles in the atmosphere, rather than in space, it is worth comparing the QARM approach to ours for each step of the calculation. 1)
Step 1: Concerning the input particles, both models are similar, except that we consider the full species of cosmic rays instead of only protons and alphas for QARM. 2) Step 2: Concerning the rigidity cutoff, the two approaches are similar but differ in the sense that QARM uses calculations based on MAGNETOCOSMICS [16] , whereas we preferred to use MASHcode [8] . Note that MASHcode, as well as MAGNETOCOSMICS, relies on the same numerical strategy, i.e. a backward ray tracing of the trajectories of particles. As the numerical core of MAGNETOCOSMICS is based on GEANT 4 numerical schemes implemented (especially Runge-Kutta methods), MASHcode uses a Burlish-Stoer method of trajectory integration, which allows to improve computing times when the time step becomes small [17] [18]. Indeed, MASHcode was first designed to compute magnetospheric shielding anywhere in the radiation belts do define outer radiation belts trapping boundaries, especially in the proton case. As a consequence, MASHcode resolves accurately the trajectories of small energies particles (as low as 1 MeV and below) in a given magnetic field. The main advantage of MASHcode is that, further to its validation against Smart and Shea models or MAGNETOCOSMICS, it has also been validated in a different energy band. In [8] , Fig. 7 , the authors have analyzed the magnetospheric shielding at different altitudes (800 km, GPS altitudes and along a MEO orbit) and compared to in-situ data. It is no doubt that both models (MASHcode and MAGNETO-COSMICS) provides comparable results. However, in the purpose of using FLUKA outputs (mainly the albedo neutron distribution) as inputs to radiation belts models through a source term linked to CRAND process, it is of great importance to be consistent from one side to the other one. As in the Salammbô code developed at ONERA [19] , the MASHcode is to be used as a dynamic outer trapping boundary, it is then straightforward to also use it to estimate the source term of the CRAND process, a prime source of trapped protons greater than about 40 MeV. 3) Step 3: Concerning the production of secondary particles, QARM proposes two response matrix, one computed with MCNPX or another one computed with FLUKA, whereas we preferred to use FLUKA. It is obviously out of the scope of this paper to compare the respective merits of these toolkits. However, some results obtained using both of them were compared in [15] , which provides us with a rough estimation of the systematic errors induced by modelling of the atmospheric interactions using different Monte-Carlo codes, around 20-30%. About the strategy chosen in the present study, it is worth mentioning that the module used to simulate hadronic interactions in the atmosphere (DPMJET) has been fully adapted and interfaced to FLUKA for many years. The original interface to the DPMJET II.53 version has been upgraded to comply with the DPMJET III version and both options are available in FLUKA (for these studies DPMJET III has been used), where the model is fully linked to the others used in FLUKA (PEANUT, RQMD, evaporation, de-excitation,...). A recent revision of the high energy hadronic interaction models has been presented in [20] . Other uncertainties related to the moisture of the atmosphere and the composition of the Earth's surface have already been discussed in [1] . Since they mainly influence the production of thermal neutrons and the level of the epithermal plateau, we are not really concerned by moisture of the atmosphere and the ground composition of the Earth surface for determining neutron fluxes at space level (which would not be the case for determining neutron fluxes at atmospheric or ground levels).
As a conclusion, the largest contribution to the error probably comes from the uncertainty on the incident particle fluxes on top of the atmosphere, this uncertainty being due to both the lack of knowledge of the cosmic ray modulation. However, once the GCR spectra are fixed, MASHcode is presently the best way to take into account the rigidity.
V. APPLICATIONS
A straightforward application of our model is the modeling of the temporal evolution of the instrumental background induced by neutrons encountered in space. As an illustration, Fig. 11 displays the expected neutron flux encountered along a circular LEO orbit at 400 km for various inclinations. For this example, the orbital positions were computed by the Omere software [21] and put in relation with the map of albedo neutrons similar to that displayed on Fig. 3 but computed for an altitude of 400 km. It is clear that our maps provide a better estimation of the azimuthal variation of the neutron flux than a simple adjustment of its level thanks to a function with two parameters (the geomagnetic latitude or the rigidity cutoff, plus a constant representing the internal background). Of course, in order to predict the actual instrumental background, the ambient neutron flux should be transported through the spacecraft materials, which demonstrate once again the importance for computing the flux as a function of both energy and angle as our model does. Note also that our model can score other particles than neutrons, e.g. gamma, electrons, positrons,...according to user's need.
Beyond the more accurate prediction of instrumental background noise encountered at LEO, one important benefit of improving the neutron albedo estimation is for radiation belts modelers. Indeed, the high energy part (greater than 10 MeV) of the proton radiation belt is continuously fed by the natural decay of the neutron albedo [19] . The accurate estimation of this contribution is of prime importance because it constitutes the main source for protons >40 MeV, especially in solar minimum [22] . Generally, a quite simple albedo neutron distribution is used to estimate the CRAND process. Indeed, lots of dimensions have to be taken into account. Up to now, it was difficult to dispose of a complete distribution of neutrons escaping the top the atmosphere in terms of (latitude, longitude, energy) as well as (elevation, azimuth) for each of the preceding triplet. This new model based on MASHcode and FLUKA will answer to such a prime need of radiation belts modelers.
VI. CONCLUSION
The distribution of albedo neutrons was previously computed [1] using the FLUKA code associated to a simple atmospheric model and the GCR spectra modulated by the solar cycle, the user-parameters being the solar modulation and the epoch of the IGRF magnetic field, as well as the altitude at which the double distribution (energy and angle) of albedo neutrons is desired. In this paper, an improved calculation thanks to the more accurate filtering of incoming GCRs provided by the MASHcode was presented. The newly obtained distribution was extensively compared to the previous one obtained using the approximate Störmer formula. Globally, albedo neutron flux is slightly higher, particularly above the zones of medium latitude by a bit more than 10%. This is important for both applications of this models, i) the estimation of ambient neutrons for assessing the displacement damages and background level of detectors operated at LEO, and ii) the estimation of the main source of protons >40 MeV of the inner radiation belt (CRAND). A future work will consist in using the outputs from this model to improve the CRAND process modelling in the ONERA Salammbô code.
